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PI(4,5)P2 degradation by synaptojanin and/or a lipid- glycine transporters. Interestingly, loss of glial trans-
porters enhances while loss of presynaptic neuronalshaping function by endophilin might be sequentially
and/or cooperatively required for the transition of shal- transporters reduces glycinergic transmission. These
two opposing phenotypes resemble distinct humanlow into deeply invaginated pits, the fission of vesicles
from the donor membrane, the uncoating of vesicles, diseases characterized by dysfunction in glycinergic
signaling.and for cytoskeletal interactions of endocytosing vesi-
cles. Hence, it will be important, though difficult, to dis-
sect when and where each individual enzymatic activity After release, most neurotransmitters are removed from
is required during endocytosis. As usual, obtaining some the vicinity of the synapse by specialized plasma mem-
answers leads only to more questions. brane transporters. Like tiny garbage men, these integral
membrane proteins perform a thankless task, clearing
the refuse of neurotransmission from the synapse. InWei Song1,2 and Konrad E. Zinsmaier2,3
the absence of such cleanup, circuits become littered1Neuroscience Graduate Program
with excess neurotransmitter. Allowing neurotransmit-University of Pennsylvania
ters to pile up not only impedes signaling, it drains re-Philadelphia, Pennsylvania 19104
sources by permitting a valuable, reusable commodity2 Arizona Research Laboratories Division of
to go to waste. In the delicate economy of the synapse,Neurobiology
then, it is up to these garbage men to regulate the fine3 Department of Molecular and Cellular Biology
balance between recycling and consumption.University of Arizona
In order to meet these needs, multiple genes encodeP.O. Box 210077
transporters for certain neurotransmitters, such as glu-Tucson, Arizona 85721
tamate (five genes), GABA (four genes), and glycine (two
genes). For the two glycine transporters GlyT1 andSelected Reading
GlyT2, unique expression patterns suggest specialized
Cremona, O., Di Paolo, G., Wenk, M.R., Luthi, A., Kim, W.T., Takei, functions. The neuronal transporter GlyT2 is largely con-
K., Daniell, L., Nemoto, Y., Shears, S.B., Flavell, R.A., et al. (1999). fined to presynaptic terminals that secrete glycine, and
Cell 99, 179–188.
so its localization matches the distribution of glycinergic
Estes, P.S., Roos, J., van der Bliek, A., Kelly, R.B., Krishnan, K.S., neurons found mainly in the brain stem and spinal cord
and Ramaswami, M. (1996). J. Neurosci. 16, 5443–5456.
(Jursky and Nelson, 1995; Zafra et al., 1995). Because
Farsad, K., Ringstad, N., Takei, K., Floyd, S.R., Rose, K., and De
of this overlap, a prevailing view has been that GlyT2 isCamilli, P. (2001). J. Cell Biol. 155, 193–200.
the principal pathway for reuptake of glycine released
Guichet, A., Wucherpfennig, T., Dudu, V., Etter, S., Wilsch-Brauniger,
at glycinergic synapses. In comparison, a much broaderM., Hellwig, A., Gonzalez-Gaitan, M., Huttner, W.B., and Schmidt,
expression pattern is observed for the glial isoformA.A. (2002). EMBO J. 21, 1661–1672.
GlyT1 (Zafra et al., 1995). This transporter is located inHarris, T.W., Hartwieg, E., Horvitz, H.R., and Jorgensen, E.M. (2000).
regions of the brain not known to rely on glycinergicJ. Cell Biol. 150, 589–600.
inhibition (cortex, hippocampus, thalamus), suggestingKim, W.T., Chang, S., Daniell, L., Cremona, O., Di Paolo, G., and De
Camilli, P. (2002). Proc. Natl. Acad. Sci. USA 99, 17143–17148. that it has another role. Since glycine is also known to
act as a coagonist of excitatory NMDA receptors, itKlingauf, J., Kavalali, E.T., and Tsien, R.W. (1998). Nature 394,
581–585. has been hypothesized that GlyT1 influences excitatory
Koenig, J.H., Kosaka, T., and Ikeda, K. (1989). J. Neurosci. 9, 1937– synaptic signaling by regulating ambient glycine con-
1942. centrations (Smith et al., 1992; Berger et al., 1998; Chen
Schuske, K.R., Richmond, J.E., Matthies, D.S., Davis, W.S., Runz, et al., 2003). Thus, although the reasons for genetic
S., Rube, D.A., van der Bliek, A.M., and Jorgensen, E.M. (2003). redundancy are uncertain, it is appealing to think that
Neuron 40, this issue, 749–762. individual transporters have specialized functions.
Slepnev, V.I., and De Camilli, P. (2000). Nat. Rev. Neurosci. 1, In this issue of Neuron, papers by Gomeza and Hu¨ls-
161–172. mann et al. (Gomeza et al., 2003a) and Gomeza et al.
Verstreken, P., Kjaerulff, O., Lloyd, T.E., Atkinson, R., Zhou, Y., Mein- (2003b) test these assumptions by generating two lines
ertzhagen, I.A., and Bellen, H.J. (2002). Cell 109, 101–112.
of knockout mice, one deficient in the glial isoform and
Verstreken, P., Koh, T.-W., Schulze, K.L., Zhai, R.G., Hiesinger, P.R.,
the other lacking the neuronal isoform of glycine trans-Zhou, Y., Mehta, S.Q., Cao, Y., Roos, J., and Bellen, H.J. (2003).
porter. Avoiding the pitfalls of pharmacological manipu-Neuron 40, this issue, 733–748.
lation, these studies provide the clearest view yet of
specific roles played by glial and neuronal glycine
uptake.
In the first of the two papers, Gomeza and Hu¨lsmann
et al. inactivate the glial transporter gene. GenotypingGlycine Transporters Not these homozygous mutant mice (GlyT1/) confirmed
Only Take Out the Garbage, that they were devoid of the wild-type allele. Further
analysis showed that, while both GlyT1 transcript andThey Recycle
protein were absent in the mutants, GlyT2 remained
unaffected. As expected from the normal distribution of
GlyT1, tissue originating from both forebrain and brain
stem regions of GlyT1/ mice exhibited significantly re-Two articles in the current issue of Neuron examine the
consequences of deleting the two genes that encode duced uptake of radiolabeled glycine.
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In the second paper, Gomeza et al. performed similar neuronal transporters have slightly distinct functional
analyses on mice deficient in the neuronal glycine trans- properties. Based on measurements of steady-state en-
porter. In these animals (GlyT2/), glycine uptake was ergetics, Roux and Supplisson (2000) have shown that
selectively impaired in brain stem and spinal cord, re- the glial transporter is less efficient at concentrating
gions known to contain a large number of glycinergic glycine than its neuronal counterpart. They propose that
synapses. Remarkably, neither the loss of GlyT1 nor in brain regions where the two transporters are colocal-
of GlyT2 caused noteworthy changes in histology and ized the glial transporter may serve as a glycine source
synaptic protein expression. There seemed to be no rather than a sink by pumping glycine out of glia and into
increase in embryonic mortality, and homozygous mu- the extrasynaptic space (Supplisson and Roux, 2002).
tant mice appeared grossly normal at birth. Evidence for reverse transport is not apparent in the
Loss of either transporter severely shortened the life- work of Gomeza and Hu¨lsmann et al. or Gomeza et al.,
span of homozygous animals, but the increased mortal- nevertheless, future analyses of NMDA-mediated trans-
ity was due to very different mechanisms. GlyT1/ mice mission in such brain regions may show that GlyT1 can
showed impaired motor activity and died on the first also recycle, acting as a source for glycine under some
day after birth. For the short time that they were alive, conditions. Due to the poor viability of homozygous gly-
these animals responded lethargically to tactile stimuli cine transporter knockouts, these experiments may
and generally appeared hypotonic, observations that have to be performed on heterozygous animals.
led the researchers to suspect wide-ranging neuromotor Intriguingly, each line of mice presents symptoms that
deficits. Dysfunction of motor activity extended to the are very similar to rare human illnesses. For the hyper-
respiratory system as plethysmographic recordings glycinergic GlyT1/ mice, the analogous condition is
demonstrated that the breathing patterns of GlyT1/ glycine encephalopathy, while for the hypoglycinergic
mice were severely depressed. The authors examined GlyT2/ animals, it is hyperekplexia, or startle disease.
this issue in more detail by monitoring neuronal activity Although neither of the human glycine transporter genes
in acute slices of brain stem containing circuitry respon- has been linked to either disease, mutations in glycine
sible for generating the respiratory rhythm. Extracellular receptors (Rajendra and Schofield, 1995) and enzymes
recordings made from GlyT1/ slices revealed a slowed responsible for degrading glycine (Applegarth and
and irregular rhythm, a condition rescued by application Toone, 2001) have been implicated. It will be interesting
of the glycine receptor antagonist strychnine. Similar to see whether dysfunctional glycine transporters also
effects were seen in wild-type slices following applica- play a role in a subset of these conditions. Moreover,
tion of glycine or pharmacological inhibition of GlyT1. the opposing phenotypes described in these studies
Finally, whole-cell voltage-clamp recordings from hypo- offer the possibility that each subtype of glycine trans-
glossal neurons in GlyT1/ slices revealed the appear- porter could serve as a specific clinical target. For in-
ance of a tonic glycine receptor current, an increase in stance, downregulating GlyT1 or GlyT2 could be used
the frequency of spontaneous inhibitory synaptic cur- to either enhance or reduce glycinergic signaling, re-
rents, and a slowing of their decay kinetics. Taken spectively. Of course, more information will be required
together, these findings convincingly argue that hyper- to fully understand the physiology of glycine uptake.
active glycinergic signaling causes the depressed respi- These mutant mice and their heterozygous progeny
ratory function and, by extension, the shortened lifespan should prove invaluable in this effort. Hopefully, future
seen in GlyT1/ mice. They also reveal an underappreci- experiments will enable scientists and physicians to bet-
ated role for glial glycine transporters at synapses pre- ter treat human diseases by directing glycine either to
viously believed to depend mainly on neuronal uptake. the recycling bin or garbage pail.
Mice carrying the GlyT2 mutation lived a bit longer
but eventually succumbed to a multitude of neuromotor
ailments by the end of the second postnatal week. Gabor Brasnjo and Thomas S. Otis
GlyT2/ mutants displayed spastic muscle tone, tremor, Department of Neurobiology
and impaired righting response. Electrophysiological School of Medicine
analysis of inhibitory activity in brain stem slices and University of California
culture preparations showed a reduction in the ampli- Los Angeles, California 90095
tudes of spontaneous and miniature glycinergic inhibi-
tory currents, evidence that glycine release is depressed Selected Reading
in GlyT2/ animals. Because normal levels of glycine
Applegarth, D.A., and Toone, J.R. (2001). Mol. Genet. Metab. 74,receptors were found at these synapses, the authors
139–146.could rule out a reduction in postsynaptic sensitivity.
Berger, A.J., Dieudonne, S., and Ascher, P. (1998). J. Neurophysiol.Thus, data from GlyT2/ mice imply that their phenotype
80, 3336–3340.results from diminished glycine concentration in the pre-
Chen, L., Muhlhauser, M., and Yang, C.R. (2003). J. Neurophysiol.synaptic terminal. These findings point to an essential
89, 691–703.role for GlyT2 in the recycling of glycine.
Gomeza, J., Hu¨lsmann, S., Ohno, K., Eulenburg, V., Szo¨ke, K., Rich-Through their careful comparison of GlyT-deficient
ter, D., and Betz, H. (2003a). Neuron 40, this issue, 785–796.mice, Gomeza and Hu¨lsmann et al. and Gomeza et al.
Gomeza, J., Ohno, K., Hu¨lsmann, S., Armsen, W., Eulenburg, V.,make a strong case that the two glycine transporter
Richter, D., Laube, B., and Betz, H. (2003b). Neuron 40, this issue,proteins are specialized to perform different physiologi-
797–806.cal tasks. However, the unique cell-specific expression
Jursky, F., and Nelson, N. (1995). J. Neurochem. 64, 1026–1033.of transporters may not explain all of the physiological
differences. Recent work has suggested that glial and Rajendra, S., and Schofield, P.R. (1995). Trends Neurosci. 18, 80–82.
Previews
669
Roux, M.J., and Supplisson, S. (2000). Neuron 25, 373–383. pharmacological therapies that can bolster neural
Smith, K.E., Borden, L.A., Hartig, P.R., Branchek, T., and Weinshank, mechanisms that fail in aging. Much progress in this
R.L. (1992). Neuron 8, 927–935. regard has been made based on animal models of hippo-
Supplisson, S., and Roux, M.J. (2002). FEBS Lett. 529, 93–101. campal-dependent memory function. For example, the
Zafra, F., Aragon, C., Olivares, L., Danbolt, N.C., Gimenez, C., and identification of molecular pathways involved in long-
Storm-Mathisen, J. (1995). J. Neurosci. 15, 3952–3969. term memory storage in the hippocampus has informed
the development of agents that should improve hippo-
campal-dependent memory when it is impaired by
aging. Compounds that inhibit cAMP breakdown,
thereby increasing protein kinase A (PKA) activation,
have been reported to improve physiological and behav-Age-Related Memory
ioral indices of hippocampal-dependent memory inImpairment: Is the Cure
aged mice (Barad et al., 1998; Bach et al., 1999). If one
Worse than the Disease? assumes that age-related impairment in hippocampal-
dependent memory processing in rodents is a good
model for cognitive aging in humans, then this predicts
that such agents will also benefit memory function inAging impairs multiple memory systems. The neuro-
aged humans, possibly including those that have mem-chemical substrates of normal memory differ between
ory deficits stemming from pathological conditions as-memory systems. In this issue of Neuron, Ramos et
sociated with aging (such as Alzheimer’s disease).al. find that activation of protein kinase A, which has
Although much has been learned about the neuralbeen reported to improve hippocampal-dependent
bases of age-related memory impairment by studyingspatial memory in aged animals, has the opposite ef-
neurobiological correlates of impaired hippocampal-fect on prefrontal cortex-dependent working memory
dependent memory in aging, this approach neglects thein aged animals.
contribution of other brain systems. Impaired prefrontal
function also occurs in aging, and disruption of workingOne of the major discoveries of neuropsychology and
memory and other aspects of executive function posesbehavioral neuroscience in the last 50 years is the exis-
a challenge for aged individuals. Comparatively little istence of multiple memory systems. Different aspects of
known about the biological substrates of age-relatedmemory are affected by damage to different brain re-
impairments in prefrontal memory function.gions (Eichenbaum and Cohen, 2001). This research pro-
Because PKA activation improves hippocampal-
vides a foundation for understanding the neurobiologi-
dependent memory in aged rodents, it is important to
cal substrates of memory processing—in order to
understand the consequences of this treatment on other
understand the cellular and molecular processes that
memory systems. In this issue of Neuron, Ramos et al.
underlie memory, one must know where to look.
examined the effects of PKA activation and inhibition
Aging impairs both hippocampal-dependent and pre-
on prefrontal-dependent working memory in aged rats
frontal-dependent memory function, as well as other and monkeys. Earlier work from this group had shown
cognitive domains (Gallagher and Rapp, 1997). Cogni- that PKA activation in prefrontal cortex of young rats
tive aging does not appear to be the result of a homoge- impaired working memory (Taylor et al., 1999), similar to
neous disruption of brain function: age-related impair- the effect of overstimulation of dopamine D1 receptors
ments in hippocampal-dependent memory appear, at (Zahrt et al., 1997). This is perhaps not surprising, as it
least to some extent, to be independent of age-related is suggestive of a canonical U-shaped dose-response
impairments in prefrontal function (e.g., Barense et al., curve in which optimal dopamine receptor stimulation
2002). While acknowledging that there are theoretical is necessary for normal working memory (Zahrt et al.,
uncertainties with the concepts of independent memory 1997). However, the prediction for the situation in the
systems (Gaffan, 2002) and that these areas are involved aged brain is anything but clear. Given that dopamine
in other aspects of memory and cognition besides epi- levels in prefrontal cortex decrease in aging, it might
sodic and working memory (e.g., Duncan and Owen, be expected that stimulation of PKA activity would be
2000), there is compelling physiological evidence for beneficial to working memory. This would be a welcome
correlates of these two different processes within these state of affairs, because PKA stimulation would improve
two cortical areas. Hippocampal neurons encode mem- both prefrontal- and hippocampal-dependent memory.
ory “episodes,” complex conjunctions of spatial and/or The findings of Ramos et al. on PKA regulation and
temporal information (e.g., Wood et al., 2000). Neurons working memory in aged animals are in striking contrast
in dorsolateral prefrontal cortex possess “memory to the effects of PKA activation on hippocampal-depen-
fields” for spatial locations in monkeys performing a dent spatial memory. Figure 1 illustrates a simplified
task requiring working memory for one of a number of schematic of PKA regulation, along with the points in
spatial locations (e.g., Funahashi et al., 1989). Notably, the pathway targeted by the different pharmacological
short-term memory for spatial location does not require agents used by Ramos et al. Activation of PKA in pre-
an intact hippocampus (Angeli et al., 1993), supporting frontal cortex of aged rats by direct infusion of Sp-
the notion of some independence between these CAMPS into the prefrontal cortex impairs working mem-
systems. ory, whereas PKA inhibition by infusion of Rp-CAMPS
The localization of different memory processes in dif- facilitates it. These effects are more pronounced in rats
ferent cortical areas, and the understanding of their bio- that show greater impairment in performing the working
memory task: thus, rats with more impaired prefrontalchemical and physiological underpinnings, promises
